Cordierite monolith-supported and powder Fe-K/Al 2 O 3 catalysts were prepared and thoroughly characterized by bulk (XRD, Raman spectroscopy, XRF, ICP-OES, TPR) and surface (XPS, IR, N 2 -BET, NO x -TPD, K-TPD) sensitive methods. The catalytic activity was tested in TPO (temperature programmed oxidation) of model soot.
physicochemical properties and reactivity, type of surface states of K promoter and their role in the soot oxidation mechanism in the presence of NO x was evaluated. In the catalysts calcined at 450ºC potassium was found to be mostly as free KNO 3 whereas calcination at 650ºC successfully transformed KNO 3 into K 2 O, which during the soot oxidation yielded K 2 CO 3 species. Such carbonates underwent decomposition in the presence of the oxygen surface groups of the support, leading to the formation of active basic O 2- groups. NO x species were found to adsorb strongly on these O 2- sites. The increased stability of thus formed NO x -species resulted in lower soot oxidation activity.
In the same time, the catalysts calcined at 650ºC evidenced higher ability towards the reduction of NO x , occurring simultaneously with the soot oxidation process.
Additionally, the higher calcination temperature led to significantly higher stability of K promoter species as evidenced by potassium thermodesorption experiments. An overall schematic model of the catalyst morphology and relative distribution of the active components (K, Fe) over the Al 2 O 3 support is proposed.
Introduction
As a result of the particular features of fuel combustion under lean conditions, soot and NO x emission control in diesel exhausts represents a real challenge nowadays.
Evidences of the serious hazard to human health and to the environment that these pollutants pose, have resulted in the introduction of more and more stringent legislation concerning their emission limits [1] .
Still, due to their enhanced fuel economy and durability, diesel engines represent an important part of the light-duty vehicle market. Therefore, considerable efforts have been made in the last decades to reduce their negative environmental impact. The wellknown trade-off between soot and NO x formation sets a limit to emission control via engine modifications, thus, after-treatment technologies had to be considered. NO x emission can be controlled by means of Selective Catalytic Reduction (SCR) and NO x Storage-Reduction (NSR) [2, 3] . Soot can be retained in a filter that must be periodically regenerated [4] [5] [6] . For warranting efficient removal of both contaminants, various combinations of these technologies have been proposed [7] [8] [9] . However, they all still suffer from serious drawbacks in view of their effective implementation, such as too high soot ignition temperature, lack of thermal and mechanical stability, high costs when noble metals are used.
Enhanced soot oxidation in the presence of NO x has been widely demonstrated. In fact the "continuously regenerating-trap" (CRT) technology makes use of a Ptsupported catalysts upstream the particulate filter, allowing partial conversion of NO to NO 2 , which is highly reactive towards the soot retained in the filter [10] , therefore enhancing its oxidation. Therefore, it would be most desirable to attain at the same time and in one single device selective simultaneous reduction of NO x to N 2 and complete soot removal. However, when using noble metal-based catalytic systems, like in CRT technology, only partial reduction of NO 2 to NO is achieved, with only small amounts of NO x converted to N 2 [10] . On the other hand, other research groups reported successful NO x conversion to N 2 [11] [12] [13] [14] [15] [16] , in the presence of non-noble metal compounds, i.e. such as Cu, Co and V oxides together with K-species as surface promoter [17] [18] [19] . Among other transition metal (TM) compounds iron oxides has been successfully used as active phase in several similar reduction-oxidation catalysts [20] [21] [22] . Its low price and innocuous chemical properties make of it an interesting option for the preparation of such catalytic systems.
It is well documented nowadays that the presence of an alkali promoter, such as potassium, can substantially enhance the soot oxidation activity of TMO based catalysts [23] [24] [25] [26] [27] [28] [29] [30] . Generally, all these works agree that one of the main roles of the alkali promoter is to improve the contact between the soot particles and the catalytic active sites. This is due to the high mobility of K, especially when it is not tightly bound to the support or to the transition metal oxide lattice [29] . However, some studies already point to a more complex participation of the various potassium species in the reaction mechanism. In this sense, Legutko et al. [23, 24] prepared potassium iron and manganese spinels and studied the role of the alkali in the soot oxidation, considering also the presence of NO in the reactant gas [25] . They attributed the enhancement in soot oxidation activity, observed mostly when K was effectively introduced into the Fe or Mn spinel structure, to the generation low work function phases (potassium ferrites and manganites) and formation of surface reactive oxygen species which initialized soot combustion process. In a similar way, Ura et al. [26] identified two main mechanisms in terms of potassium promotion: the enhancement of the oxygen surface mobility and the formation of oxygen vacancies in the oxygen sublattice of the perovskite SrTiO 3 structure, depending on the localization of potassium. Jiménez et al. [30] claimed that potassium enhanced the reactivity of superficial oxygen and that, moreover, it was able to weaken the Mg-O bonds in the support, thus facilitating the formation and migration of oxygen species on the surface. Aneggi and co-workers [27] stated however that the effect of the alkali metal was to favor the chemisorption of molecular oxygen leading to the formation of carbon-oxygen surface complexes that eventually reacted with soot. In this sense, the alkali was acting as an oxygen carrier, transferring the oxygen from the gas phase to the surface carbon. Still, the mechanistic role of potassium remains unclear and it seems to depend on the catalytic system studied an even on the details of the chosen preparation procedure. Furthermore, due to a high vapor pressure of alkalis there is an important issue regarding catalyst stability when using them as soot oxidation promoters. As pointed out by An and co-workers [29] , the K-containing catalyst is degraded upon time, due to the sublimation of potassium during the exothermic soot combustion process. Clearly, the K-loss rate, and therefore the catalyst stability, will depend on the type of K-species present in the catalyst, thus on their interaction with the support and other components, i.e. TMO.
The aim of the present work is to identify and characterize in detail the diverse Kspecies present in the cordierite-monolith supported Fe-K/Al 2 O 3 catalysts. Therefore, transformation of surface potassium species during catalyst calcination and soot oxidation with simultaneous NO x reduction process was studied. Both powder and monolithic catalysts were considered (the former mostly in terms of physic-chemical characterization, the later used for the activity tests). The role of different surface potassium states in soot oxidation mechanism was addressed.
Experimental

Catalysts preparation
Alumina-based suspensions were prepared by sol-gel synthesis, containing either both iron as catalytically active compound and potassium as promoter (K/Fe/Al 2 O 3 ), or only potassium (K/Al 2 O 3 ) as reference material. Disperal 20 (Sasol GmbH), a highly dispersible boehmite, was used as the alumina precursor. Concentrated nitric acid (65% wt., Panreac) was added as peptizing agent. Iron and potassium were introduced from respective nitrates, Fe(NO 3 ) 3 ·9H 2 O (99% pure, Panreac) and KNO 3 (99% pure, Panreac), in amounts corresponding to 5% wt. Fe and/or 10% wt. K. Suspensions were stirred for 24 hours. After this time, their pH and viscosity were determined using a Crison GLP 21+ pHmeter and a Brookfield DV-E viscosimeter, respectively, and repeated after 4 days of ageing time, in order to verify gel stabilization.
For the preparation of the powder catalysts, an aliquot of each suspension was dried for 24 hours at 60ºC, and subsequently calcined in an oven, either at 450ºC or at 650ºC, during 4 hours. Finally, powder catalyst were ground and sieved to an average particle size of 100 m.
The structured catalysts were prepared by means of the washcoating of cordierite monoliths (2MgO·2Al 2 O 3 ·5SiO 2 , Corning, 400 cells per square inch, cpsi), cut into cylindrical units of 1 cm diameter per 3 cm length. To warranty an homogeneous distribution inside the monolith channels, the suspensions were pumped through the cordierite structure with the aid of a peristaltic pump. After 30 minutes circulation time, the coated monoliths were dried in a rotating oven at 60ºC during 24 hours, and subsequently calcined, either at 450ºC or at 650ºC, during 4 hours. Weighting before and after the washcoating procedure evidenced an average catalyst loading on the cordierite surface of 100 mg/g. Table 1 presents a list of the catalysts prepared, their labeling and description.
Catalysts characterization
The prepared catalysts were physically and chemically characterized: X-ray were generated with use of Rh anode, the beam size was 1 mm and the window was made of beryllium. Detector used was 3.5 mm Si(Li) drifted crystal with Peltier cooling (~ 185 K). For quantitative analysis, UniQuant software was used with a series of metallic standards.
The stability of potassium was investigated by the SR-TAD method, analogously to the approach applied in [31] . The experiments were carried out in a vacuum apparatus with a background pressure of 10
mbar. The pelletized powder samples, after XRF analysis, were transferred to the vacuum chamber and heated from room temperature to 600°C and then cooled down by steps of 20°C. Earlier desorption studies of potassium from styrene catalysts [32] [33] [34] and related ferrite phases [31, 35] demonstrated that the K loss occurs mainly in the form of atoms. The desorption flux of potassium atoms, j K , was determined by means of a surface ionization detector [36] . Because the investigated samples are also electron emitters, for quenching the thermal emission of electrons during the measurements, the samples were biased with a positive potential (+5 V for K). In all of the measurements, the resultant positive current was measured directly with a digital electrometer (Keithley 6512) and averaged over 10 independent data points for each temperature. NO x adsorption-desorption experiments were performed in a lab-scale installation prepared for working with one coated monolith, consisting of a tubular quartz reactor heated up by an electric oven and equipped with a battery of mass-flow controllers. The same experimental unit was employed for the activity tests described below. In the adsorption-desorption tests, 50 mL/min of gas mixture containing aprox. 500 ppmv NO, 5% O 2 in Ar were first flown through the monolithic catalyst, keeping temperature constant at 350ºC for 30 minutes. Let us remark here that 350°C has been previously found to be the optimal temperature for nitrate formation upon NO x adsorption on alkali compounds [3] , this being the reason for our choice. After this adsorption step, gas flow was changed to 50 mL/min Ar, and temperature was increased from 350 to 650ºC, at 5ºC/min heating rate. Concentrations of CO, CO 2 , NO, NO 2 , N 2 and N 2 O were continuously determined by mass spectrometry (MS Omnistar Balzers 442) and gas chromatography (Varian Micro GC CP 4900).
Activity tests
Prior to activity tests, soot filtration was simulated by means of loading a carbon black (Elftex 430, Cabot, S BET : 80 m 2 /g, primary particle mean size: 27 nm) to the surface of the structured monolithic catalysts. This carbon black was selected due to its identical behavior upon thermogravimetric oxidation in air, vis-à-vis laboratoryproduced diesel soot. Still, the use of a carbon black can be considered as a conservative experimental approach, since the presence of soluble organic fraction (SOF) in real soot contributes to increased reactivity [37] . Each catalyst was introduced for 1 min into a continuously stirred dispersion of 0.2 g of carbon black in 100 mL n-pentane, then dried at 65ºC during 1 hour. The amount of carbon black loaded corresponded approximately to 20 % wt. load, with respect to the mass of catalytic material deposited on the surface of the monolith. As a result of this procedure loose contact between soot and catalyst is obtained, which is more representative of the real contact between the soot and the catalyst at the exit exhaust of an engine [38] [39] [40] . Electron microscopy (FE-SEM) characterization of the carbon-black loaded monolithic catalysts can be found in [19] .
The activity of the prepared catalysts in the simultaneous removal of soot and NO x was assayed in the previously described lab-scale installation. A reactant gas containing 500 ppmv NO and 5% O 2 in Ar was flown at 50 mL/min through a catalyst (1 cm diameter x approx. 3 cm length). Experiments were performed at temperatures between 250 and 650ºC, heating rate of 5ºC/min. Concentrations of the different compounds were analyzed by means of mass spectrometry and gas chromatography. Note that comparison of CO 2 concentration measured by gas chromatography to the corresponding m/z 44 signal determined in the mass spectrometer made it possible for us to practically rule out any possibility of N 2 O formation. NO x conversion, and , were calculated from the molar concentrations:
and , where i superscript denotes respective initial concentrations. Carbon black conversion, , was calculated using the initial amount of carbon black and the molar concentrations of CO and CO 2 :
. Textural parameters derived from N 2 adsorption isotherms are presented in Table 2 .
Results and discussion
Physicochemical characterization
Surface area and pore volume values evidence higher pore blockage extent of the initial
pore structure of the alumina in the case of the FeK catalysts, in comparison to K ones, and independently of the calcination temperature. Both powder catalysts, as well as the catalytic layer deposited on the surface of the cordierite monoliths in the structured catalysts, can be considered as mostly mesoporous, with average pore sizes around 14-17 nm.
Raman spectra acquired for the powder catalysts are presented in Figure 3 . The intense Raman band at 1050 cm -1 can be assigned to the presence of KNO 3 . The band at 715 cm -1 , clearly seen in the spectra for K450, still present in the spectra for K650 and less intense but yet visible in FeK650, is due as well to the presence of KNO 3 . Seems thus that an important amount of nitrate species remain after catalyst calcination at 450ºC and are, on the other hand, more successfully decomposed when calcining at 650ºC. In fact, as a consequence of increasing calcination temperature from 450 to 650ºC a new band at about 1090 cm -1 appears in the spectra for FeK650 that was not observed for FeK450. This band can be ascribed to the presence of K 2 CO 3 . Though it can be seen as well in the spectra for K450, it becomes substantially more intense in that for K650, pointing to the transformation of potassium species upon calcination at higher temperatures. With respect to the iron oxide phase, Raman shows that in the catalysts calcined at 450°C maghemite is the predominant phase, whereas at 650°C this iron phase is transformed into hematite [41] . The peak appearing about 3440 cm -1 , visible in the IR spectra of FeK650 and K650, can be assigned to the presence of potassium hydroaluminocarbonates [44] .
With respect to potassium species, the sharp peak appearing in both K450 and FeK450 at about 1380 cm -1 evidences the presence of free nitrates, i.e. as a consequence of the presence of KNO 3 [45, 46] . In agreement with Raman characterization, this fact points to the major presence of nitrate species in the catalysts calcined at the lowest temperature. The intensity of this peak is substantially reduced in the IR spectra corresponding to the catalysts calcined at 650ºC. On the other hand the intensity of the peak appearing at about 1540 cm -1 is substantially increased in the spectra for K650 and FeK650, which further confirms the conversion from KNO 3 to K 2 CO 3 . This band was assigned to C-O stretch of the chelating bidentate carbonate [47] [52] .
The presence of carbonates is further confirmed by XPS analysis. Figure 5 shows the XPS spectra C 1s / K 2p region for the FeK and K powder catalysts calcined at 450 and 650ºC. In all the spectra, peaks appearing in the region 280-285 eV correspond to C 1s, due to impurities in the sample. Within the C 1s area, peaks in the range 287-290 eV have been generally assigned to the presence of carbonates [44] . The area of this peak notably increases in the case of the catalysts calcined at the highest temperature; see results in Table 2 , therefore pointing to a higher abundance of carbonate species on the surface of FeK650 and K650 in comparison to those calcined at 450ºC. K 2p region is composed of a doublet with contributions at 292 eV and 294.7 eV which are respectively assigned to K 2p 3/2 and K 2p 1/2 potassium lines [53] .
The Fe 2p XPS spectra of the powder FeK catalysts shows typical peaks due to contribution of both Fe Changes in surface composition as a consequence of calcination temperature have also an impact on O 1s peak shape and position. XPS O1 s spectra are plotted in Figure   6 . O 1s region can be deconvoluted into two peaks, which correspond to two forms of oxygen having different environments, i.e. lattice oxygen contained in metal oxides and adsorbed oxygen species, i.e. -OH groups [57] . The results of this deconvolution, as well as O 1s position and width (FWHM), are presented in Table 4 . It becomes clear from the plots in Figure 6 that O 1s peak shifts to lower BE values and becomes thinner with increasing calcination temperature, both for FeK and for K catalysts (see as well the values in Table 4 , i.e. with increasing calcination temperature content in O lattice increases in all cases).
Further information on the chemical composition of the catalyst can be obtained from the temperature programmed reduction (TPR) experiments. Figure 7 shows the TPR profiles obtained for the FeK and K powder catalysts. K-catalysts show an H 2 consumption peak at 550 and 490ºC, for K450 and K650, respectively. Calcination at higher temperatures results in a substantial decrease of H 2 consumption as well as in a shift to lower temperatures, pointing to higher reducibility of K-species. Marked H 2 consumption during TPR occurring at temperatures from 480 to 650ºC, such as that observed for K450, has been previously attributed to the presence of KNO 3 [58] . This can be due to the reduction of NO 3 -ions by H 2 to molecular nitrogen [59] . The presence of the same H 2 consumption peak for K650 may indicate the presence of some nitrate species on the surface of this catalyst remaining even after calcination at 650°C.
The presence of Fe in the catalyst formulation results first of all in an increase in the reducibility of the K and/or Fe species, as pointed out by the shift to lower temperatures of the main peaks of H 2 consumption, i.e. at 430ºC for FeK450 and 390ºC for FeK650.
According to literature [60, 61] can be assigned to the oxidation of the remaining nitrate species on both catalysts. After calcination at 650ºC, nitrates are no longer present, as pointed out by the disappearance of the wide peak observed in the catalysts calcined at 450ºC. A peak is observed now in the TPO profiles for K650 and FeK650, appearing at a temperature of 200ºC, centered at about 275ºC. This peak can be assigned to the decomposition of potassium carbonate species.
Normally, pure potassium carbonate decomposes at much higher temperatures, i.e. over 900ºC. However, decomposition of surface K-carbonate species has been reported to occur at much lower temperatures, due to their interaction with the support [43, 45, [47] [48] [49] . Therefore, decomposition is initiated by the interaction between K-carbonate species, K 2 CO 3 , and oxygen species, i.e. the hydroxyl groups on the Al 2 O 3 surface, generating K + ionic species on the surface and adsorbed carbonates that, upon further heating, will yield O 2-species [63] , as depicted in Figure 9 . feed. During adsorption stage, CO 2 evolution is observed only during the first 15 minutes of experiment for FeK450, whereas for FeK650 CO 2 higher peak concentrations of CO 2 were measured and its evolution extending almost to the 30 minutes of adsorption stage. The observed CO 2 evolution is due to the thermal decomposition of carbonate species according to the mechanism depicted in Figure 9 .
Temperature programmed desorption and NO x adsorption-desorption experiments
Important differences are observed between desorption stages for FeK450 and FeK650. NO and NO 2 evolution starts already at about 375ºC for FeK450, almost right after switching to desorption conditions. In the case of FeK650, the evolution of nitrogen species begins at temperatures around 450ºC, at least 75ºC higher than for FeK650. Moreover, the amount of NO and NO 2 evolved is much higher in the case of FeK450. For FeK650, in fact, very small amounts of NO 2 were measured during the desorption stage. These results clearly point to the existence of different nitrogen species desorbing in each case. In the case of the catalyst calcined at 450ºC, FeK450, the desorption of NO and NO 2 can be mostly ascribed to the decomposition of nitrate species on its surface, still present after calcination. The 21.3% NO x adsorbed during the first stage of course contributes as well to the observed desorption peak, but the rest, difference is 0.11 mmol NO x , i.e. around 80% more NO x desorbed than expected, can be assigned just to the presence and decomposition of such free nitrates.
On the other hand, nitrate species seem to be practically absent in the fresh catalyst calcined at 650ºC, whereas adsorbed N-species have increased stability and start desorbing at higher temperatures. This observation can be rationalized in terms of the formation of the additional basic oxygen species (O 2-) from carbonate decomposition, Figure 9 , which are stabilized by the adjacent potassium cations. On such O 2-sites adsorbed NO 2 was found to exhibit very high thermal stability, above 500°C [64] .
Potassium thermal desorption
The temperature changes of atomic K desorption fluxes (j K ) from investigated catalysts are presented in Figure 11 . All samples are stable below 400°C with respect to potassium loss. Clear distinction can be made for the samples calcined at 450°C and 650°C, where lower calcination temperature leads to potassium desorption at temperatures lower of c.a. 100°C. Comparison of the catalysts with and without iron addition reveals that for the samples calcined at 450°C addition of iron leads to small enhancement of the desorption of potassium while for those calcined at 650°C iron addition results in dramatic decrease of K flux. Since during the thermal desorption experiment the K-surface bond is broken, the desorption parameters (flux intensity, activation energy, Arrhenius pre-exponential factor) describe not only the potassium surface stability but also contain the information about its surface state including dispersion [26] .
Assuming first order desorption kinetics, the activation energy of desorption corresponding to each catalyst can be calculated from the linear part of the corresponding Arrhenius plots, which are shown in Figure 12 The obtained values of K desorption activation energies are typical for the iron and aluminum oxide surfaces with potassium in the segregated form [31] [32] [33] [34] 36, 65] , which is in line with the amount of the potassium added during the synthesis (10 wt.%).
To clarify this point, we present in Table 5 where lower amounts of potassium was detected. Due to crystallization of K 2 CO 3 into whisker form the higher amount of iron is exposed and thus available for direct XPS analysis, the surface Fe/K ratio increases substantially (Table 5 ). This transformation of surface potassium into crystalline potassium carbonate (Raman, XPS O1s) can moreover account for thermal stabilisation of K for the samples calcined at 650°C.
Activity tests
Different potassium species generated upon calcination at different temperatures has a substantial influence on the catalytic activity. Figures 13 and 14 show respectively the concentration profiles of NO, NO 2 , N 2 , CO and CO 2 , as well as the NO x and carbon black (CB) conversions, measured during the simultaneous deSoot and deNO x activity tests performed in the presence of the different monolithic FeK and K monolithic catalysts. to 400ºC NO x adsorption takes place to some extent. This first stage of low NO x concentration is followed by a progressive increase of NO and NO 2 concentration, due to the set-off of the decomposition of the thermally less stable free nitrate ions remaining on catalyst decomposition, as pointed out by its characterization and the results obtained in the adsorption-desorption tests. Corresponding to this NO and NO 2 evolution, soot oxidation starts taking place, accelerated by the enhanced presence of NO 2 . Thus, a fast increase of CO 2 and CO concentrations can be observed within this temperature window, i.e. 400-500ºC. As temperature increases, NO and NO 2 concentrations start to decrease. The temperature at which minimal NO and NO 2 concentrations are attained corresponds to the maximal CO 2 evolution, pointing to maximal soot oxidation rate at that point. A slight increase in N 2 concentration was concurrently detected, pointing to some selective NO x reduction taking place, together with simultaneous oxidation of the carbon black. However, due to a decreasing concentration of carbon black on the catalyst surface, and to the further decomposition or desorption of nitrogen species at higher temperatures, NO and NO 2 concentrations increase again from 550ºC and on. Carbon black oxidation continues, but at a much lower rate. Figure 14 a shows that in spite of the decrease observed in NO and NO 2 concentrations within the interval 450-550ºC, almost negligible NO x conversion was observed for this FeK450_M catalyst. Note that NO x conversion at low temperatures can be assigned mostly to adsorption and not of any kind of chemical reaction. On the other hand, Figure 14 b, shows that this FeK450_M catalyst was able to fully oxidize the carbon black deposited on its surface.
The concentration profiles determined during the experiment performed in the presence of the K450_M catalyst, Figure 13 c, follow a quite similar trend than the previously commented for the FeK450_M one. However, for K450_M, CO production is higher, and both NO x adsorption capacity and carbon black oxidation activity are lower, as seen in Figure 14 a and b, pointing to a positive influence of the presence of Fe in the catalyst formulation, in terms of catalyst activity and selectivity.
Totally different concentration profiles were obtained for the catalyst calcined at the highest temperature. In the case of FeK650_M, Figure 13 b, NO x adsorption is extended towards higher temperatures and no marked NO and NO 2 evolution can be observed.
Carbon black oxidation sets-off at somehow higher temperatures as well, about 50ºC higher. However, the most remarkable difference is in the soot oxidation rate, which becomes maximal at much higher temperatures than for the catalyst calcined at 450ºC.
Corresponding to this increase in the oxidation rate of the carbon material, a decrease in the concentration of both NO and NO 2 can be observed.
Taking into account all the facts evidenced by catalyst characterization and the adsorption desorption tests, it seems that the N-species adsorbed onto the basic O 2- surface groups generated upon decomposition of carbonate species, are thermally more stable and evolve from catalyst surface at somehow higher temperatures than those at which free nitrate species already decomposed to yield NO and NO 2 . Moreover, NO 2 production is much lower in the case of the FeK650_M catalyst than for FeK450_M.
This results in a slower oxidation of the carbon black, which therefore shifts the simultaneous removal reaction to higher temperatures. Nevertheless, NO x are more efficiently reduced over the FeK650_M than for FeK450_M, see Figure 14 a, although maximal carbon black oxidation attained at the end of the experiment is much lower than for the FeK450_M catalyst, Figure 14 b.
Once again, when Fe is missing in the formulation of the catalyst, see Figure 13 Absorbance (a.u.) Figure 5 . XPS spectra C 1s / K 2p region for the FeK and K catalysts. 
